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SUMMARY 

The development of c r i t e r i a  f o r  human v i b r a t i o n  response is reviewed, 
i nc lud ing  t h e  evo lu t ion  of t h e  IS0 Standard 2631. The la t te r  document is 
analyzed t o  show why i ts  app l i ca t ion  t o  v e h i c l e  r i d e  eva lua t ion  is s t r o n g l y  
opposed. 

The c r i t i c i s m s  are d i r e c t e d  not only a t  t h e  s p e c i f i c  limits given f o r  
comfort; they extend a l s o  t o  t h e  s e t t i n g  of a r b i t r a r y  l i m i t s  f o r  " fa t igue-  
decreased prof ic iency ,"  toge ther  with t h e i r  decrements as a f u n c t i o n  of 
exposure t i m e .  

A l t e r n a t i v e  v e r t i c a l  and h o r i z o n t a l  l i m i t s  f o r  comfort  are recommended 
i n  t h e  ground v e h i c l e  r i d e  frequency range above 1 Hz. 
der ived  by c o r r e l a t i n g  t h e  'absorbed power' f i n d i n g s  of Pradko and L e e  wi th  
o t h e r  e s t a b l i s h e d  cri teria.  Spec ia l  emphasis is placed on working limits i n  
t h e  frequency range of 1 t o  10 Hz s i n c e  t h i s  i s  t h e  most s i g n i f i c a n t  area i n  
ground v e h i c l e  r i d e  eva lua t ion ,  as  w e l l  as t h a t  of g r e a t e s t  d i v e r s i t y  from t h e  
I S 0  Standard . 

These va lues  are 

INTRODUCTION 

It is  most opportune t h a t  t h i s  Symposium should be c a l l e d  a t  t h i s  
p a r t i c u l a r  t i m e .  
gu ide  t o  v e h i c l e  r i d e  q u a l i t y ;  on t h e  o t h e r ,  t h e r e  i s  a pronounced r i s k  t h a t  
improper cr i ter ia ,  once adopted, may become f i r m l y  rooted  i n  p r a c t i c e .  

On t h e  one hand, t h e  demand has  c r y s t a l l i z e d  f o r  a r e l i a b l e  

It is  t h i s  writer's b e l i e f  t h a t  such a r i s k  i s  presented  by t h e  now 
adopted I S 0  Document ISOjDIS 112631 ( r e f .  1 )  as an  I n t e r n a t i o n a l  Standard and 
by t h e  e f f o r t s  under way t o  have it  adopted as a U.S. Standard.  Already, i t  
is  ev iden t  t h a t  t h e  IS0 c r i t e r i a  a r e  being app l i ed  i n  a number of important  
c u r r e n t  r i d e  development p r o j e c t s .  

One of t h e  o b j e c t i v e s  of t h i s  paper is t o  d iscourage  t h e  use  of t h e  I S 0  
Standard i n  i t s  p r e s e n t  form; t h e  reasons  f o r  t h i s  oppos i t i on  are f u l l y  
documented. The primary ob jec t ive ,  however, is  t o  p re sen t  an  a l t e r n a t i v e  set 
of cr i ter ia  f o r  a p p l i c a t i o n  s p e c i f i c a l l y  t o  ground v e h i c l e  r i d e  eva lua t ion .  

The writer has  been a c t i v e l y  engaged i n  t h e  a n a l y s i s  of d a t a  on human 
response  t o  v i b r a t i o n  f o r  many years.  For t h e  l a s t  f o u r t e e n  yea r s ,  as SAE 
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r e p r e s e n t a t i v e  on t h e  ANSI S3 Committee and a member of i ts  Working Group on 
Vibra t ion  Levels, he  has  p a r t i c i p a t e d  i n  t h e  cons ide ra t ion  of a l l  t h e  material 
submitted by t h e  I S 0  and o t h e r s ,  and has  con t r ibu ted  new d a t a  t o  t h e  Group. 

Most r e c e n t l y ,  i n  February of t h i s  yea r ,  t h e  writer presented  t o  t h e  SAE a 
paper on "Human Vib ra t ion  Tolerance Criteria and Appl ica t ions  t o  Ride Evalua- 
t ion"  ( r e f .  2 ) .  Some of t h e  l a t te r  material is included i n  t h i s  paper ,  b u t  
o t h e r  data are presented  he re  f o r  t h e  f i r s t  t i m e .  I n  a l l  cases, a t t e n t i o n  w i l l  
b e  concentrated on t h e  frequency range of 1 t o  20 Hz, s i n c e  t h i s  is  t h e  
p r i n c i p a l  area of i n t e r e s t  i n  ground v e h i c l e s ,  as w e l l  as t h e  area of g r e a t e s t  
d i v e r s i t y  among t h e  va r ious  cr i ter ia  proposa ls .  

SYMBOLS 

a 

A 

f 

g 

j 

K 

n 

t 

V 

W 

P 

v i b r a t i o n  displacement amplitude,  m 

v i b r a t i o n  a c c e l e r a t i o n ,  g 

frequency , Hz 

a c c e l e r a t i o n  of g r a v i t y  

3 j e r k  (peak ra te  of change of a c c e l e r a t i o n ) ,  m/sec 

absorbed power cons t an t ,  w a t t s / m  /sec 

exponent, y = x 

t i m e ,  min 

v i b r a t i o n  v e l o c i t y  

wat t s  

absorbed power, watts 

2 4  

n 

BACKGROUND OF CRITERIA DEVELOPMENT 

Vertical Vib ra t ion  

Janeway Analysis ,  1948.- I n  1948, t h i s  writer presented  a paper t o  t h e  SAE 
on "Vibrat ion L i m i t s  t o  F i t  t h e  Passenger" ( r e f .  3; see a l s o  r e f .  12,  pp. 25- 
26). This was based on a n  a n a l y s i s  of a l l  t h e  experimental  d a t a  on human 
s u b j e c t i v e  response 
time. 

S u p e r f i c i a l l y ,  
c o n s i s t e n t  t r ends .  

t o  v e r t i c a l - v i b r a t i o n  t h a t  had been publ ished up t o  t h a t  

t h e s e  d a t a  appeared t o  b e  l a r g e l y  c o n t r a d i c t o r y ,  w i t h  no 
Analysis  based on c o r r e l a t i o n  according t o  t h e  v a r i o u s  
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d e r i v a t i v e s  of the imposed s inuso ida l  v i b r a t i o n  revea led  d e f i n i t e  c h a r a c t e r i s -  
t i c s  depending on t h e  frequency range. The d i sc repanc ie s  among t h e  r e s u l t s  of 
t h e  d i f f e r e n t  i n v e s t i g a t o r s  were evident ly  due to  wide v a r i a t i o n s  i n  t h e  
p r e c i s i o n  of t h e i r  experimental  equipment and, e s p e c i a l l y ,  i n  t h e  i n t e n s i t y  
levels imposed on t h e i r  s u b j e c t s .  

F igures  1 and 2, reproduced from t h e  1948 paper ,  show i n d i v i d u a l  p l o t s  
a g a i n s t  frequency of t h e  peak j e r k  and a c c e l e r a t i o n ,  r e s p e c t i v e l y ,  ob ta ined  
f o r  cons t an t  response.  

In  f i g u r e  1 i t  w i l l  be  seen t h a t ,  i n  only one i n s t a n c e ,  d id  t h e  j e r k  
increase a t  a l l  i n  t h e  range of 1 t o  6 Hz, namely, i n  t h e  Meister extreme d i s -  
comfort curve.  
decreased i n  t h i s  frequency range. 
r e l i a b l e  (a )  because a l l  observat ions were given,  and (b) because he w a s  t h e  
only i n v e s t i g a t o r  who a c t u a l l y  ran  h i s  tests down t o  1 Hz. The t h r e e  l i n e s  
l abe led  "Meister" were given as the boundaries  determined f o r  t h e  most s e n s i t i v e  
s u b j e c t s ,  r a t h e r  than  f o r  t h e  average responses .  

I n  a l l  o t h e r  cases, t h e  j e r k  either remained cons tan t  o r  
The Meister d a t a  were judged t o  be t h e  most 

- 

I n  a r r i v i n g  a t  a recommended ' j e r k '  l i m i t ,  t h e  e s t a b l i s h e d  p r a c t i c e  of t he  
O t i s  E leva tor  Company i n  con t ro l l i ng  e l e v a t o r  a c c e l e r a t i o n  and dece le ra t ion  
proved most u s e f u l .  F igure  3 shows t h e  c h a r a c t e r i s t i c  p a t t e r n s  developed by 
O t i s  t o  ensure  t h e  comfort of e l eva to r  passengers ,  s e p a r a t e l y  f o r  each der iva-  
t ive of t h e  motion. Note t h a t  the  maximum j e r k  is  l i m i t e d  t o  10.9 m/sec3 over 
1/4 sec. 
The corresponding maximum a c c e l e r a t i o n  limits were 1.8-2.7 m/sec2. 

(This compares wi th  Meister 'uncomfortable '  a t  18.3-21.3 m/sec3 .) 

Reference t o  f i g u r e  4 f o r  s i m p l e  harmonic ( s inuso ida l )  motion shows t h a t  
a t  1 Hz a 5.1 cm ampli tude produces "jerk" peak of 12 .5  m/sec3, b u t  a mean j e r k  
of 10.9 m/sec3 over  1/4 sec, and a peak a c c e l e r a t i o n  of 2.0 m/sec2, bo th  va lues  
be ing  close t o  t h e  O t i s  criteria. 
Meister "uncomfortable" level. Therefore,  t h i s  cond i t ion  (5.1 c m  ampli tude a t  
1 Hz) w a s  adopted as a s a f e  l i m i t  t o  recommend f o r  v e h i c l e  passenger comfort i n  
t h e  1 t o  6 Hz frequency b racke t ,  with al lowable ampli tude diminishing as a = 2/f 3. 

This  j e r k  va lue  w a s  a l s o  w e l l  below t h e  

Reference t o  f i g u r e  2, showing t h e  p l o t  of t h e  peak a c c e l e r a t i o n  d a t a ,  
i n d i c a t e s  a gene ra l  t rend  t o  a cons tan t  a c c e l e r a t i o n  i n  t h e  6 t o  20 Hz range,  
f o r  a cons t an t  response a t  t h e  "uncomfortable" o r  h igher  l e v e l .  The accelera- 
t i o n  va lue  corresponding t o  t h e  cons tan t  ' j e r k '  peak of 12.5 m/sec3 a t  6 Hz i s  

acc = - = 0.33 m/sec2 o r  

f o r  Meister uncomfortable response.  Thus i t  appeared t o  be a safe margin and 
w a s  adopted as a recommended cons tan t  peak a c c e l e r a t i o n  l i m i t  from 6 t o  20 Hz. 

af2 = 
= 5. This  compared wi th  a f 2  = 0.5 a t  6 Hz 1 2  5 

2n.6 

It i s  of p a r t i c u l a r  i n t e r e s t  t o  no te  t h a t  Meister's "s t rongly  not iceable"  
l i n e  shows a minimum a c c e l e r a t i o n  a t  5 Hz and a sha rp ly  inc reas ing  va lue  as t h e  
frequency inc reases .  It  w i l l  be  seen t h a t  t h i s  c h a r a c t e r i s t i c  has  been 
demonstrated by la ter  d a t a  t o  b e  v a l i d  a t  t h e  h igher  response i n t e n s i t i e s .  

A p o s s i b l e  explana t ion  f o r  the observed l e v e l i n g  o f f  of a l lowable  accelera- 
t i o n  a t  t h e  h igher  i n t e n s i t i e s  i s  the  a d d i t i o n a l  i npu t  due t o  no i se  generated 
by mechanical ly  d r i v e n  v i b r a t i n g  platforms as  t h e  ampli tude increased  a t  t h e  
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higher  f requencies .  The a c o u s t i c  i npu t  t o  t h e  s u b j e c t  has  been e l imina ted  i n  
t h e  later experiments wi th  s o p h i s t i c a t e d  e lec t romagnet ic  o r  hydraul ic-dr iven 
v i b r a t i n g  p la t forms .  

The e f f e c t  of t h e  cons tan t  a c c e l e r a t i o n  v a l u e  s e l e c t e d  i n  t h e  o r i g i n a l  
recommendation i s  shown i n  f i g u r e  2 t o  have increased  t h e  margin of s a f e t y  belt 
t h e  Meister "uncomfortable" level u n t i l  a t  20 Hz t h e  ind ica t ed  response w a s  a t  
t h e  "s t rongly not iceable"  level. This  w a s  a d e l i b e r a t e  judgment f a c t o r ,  i n  tht 
absence of exposure d a t a ,  on t h e  b a s i s  t h a t  v i b r a t i o n  a t  t h e  h igher  f requencie:  
tends t o  be  longer  sus t a ined .  

Above 20 Hz a l l  i n v e s t i g a t o r s  showed a d e f i n i t e  tendency f o r  a cons t an t  
This  has  been borne o u t  by v i b r a t i o n  v e l o c i t y  t o  produce a cons t an t  response.  

t he  la ter  work, a t  least f o r  ver t ica l  v i b r a t i o n .  

I S 0  Standard Evolution.-  S t a r t i n g  i n  1964, t h e  I n t e r n a t i o n a l  Standards 
Associat ion i n i t i a t e d  a proposa l  f o r  a s tandard  on "Thresholds of Mechanical 
Vibra t ion  and Shock Acceptable t o  Man." 
s t e p s  i n  t h e  evo lu t ion  of t he  v e r t i c a l  c r i te r ia ,  as now adopted. 

F igure  5 shows g r a p h i c a l l y  t h e  seve ra l  

The i n i t i a l  c r i t e r i o n  w a s  based on Dieckmann and cha rac t e r i zed  by a 
cons tan t  a c c e l e r a t i o n  l i n e  from 1 t o  11 Hz a t  0.063 g ( r m s ) ,  followed by a 
cons tan t  v e l o c i t y  l i n e  f o r  f requencies  above 11 Hz. A s  a r e s u l t  of s t renuous  
ob jec t ions  t o  this  proposal ,  which w a s  p a t e n t l y  erroneous a t  low r i d e  frequen- 
cies, the IS0 Group o f fe red  a series of compromises, as fo l lows  ( r e f e r r i n g  t o  
f i g u r e  5) : 

1. 

2. 

A t  1 Hz, t h e  s h o r t  term comfort level w a s  r a i s e d  t o  0.12 g ( r m s ) ;  
from 1 t o  2.8 Hz, t h e  to l e rance  w a s  reduced according t o  t h e  
r e l a t i o n ,  acc = 1/fi , giv ing  a va lue  of 0.07 g a t  2.8 Hz. 
This  v a l u e  was then  c a r r i e d  as a cons t an t  c r i t e r i o n  up t o  11 Hz; 
a cons t an t  v e l o c i t y  l i n e  w a s  then  extended from 11 Hz t o  t h e  
higher  f requencies  (von Gierke,  p roposa l  166) .  

The f i n a l  s t e p  r a i s e d  t h e  a l lowable  comfort a c c e l e r a t i o n  t o  
0.14 g a t  1 Hz b u t  r e t a i n e d  t h e  previous r e l a t i o n s h i p  wi th  
frequency, which w a s  extended t o  4 Hz where i t  i n t e r s e c t e d  
t h e  previous cons tan t  a c c e l e r a t i o n  l i n e .  The la t te r  w a s  
then  c u t  o f f  a t  8 Hz, a t  which p o i n t  t h e  a c c e l e r a t i o n  a g a i n  
r o s e  wi th  inc reas ing  frequency a long  a cons t an t  l i n e  (acc a v c f ) .  

The l a t t e r  modi f ica t ion  obviously increased  s u b s t a n t i a l l y  t h e  ind ica t ed  
to le rance  above 8 Hz. What is  more important ,  however, t h e  I S 0  ver t ica l  
c r i t e r i o n ,  by r e j e c t i n g  t h e  cons tan t  j e r k  response a t  1 t o  5 Hz, i s  be l ieved  
t o  be  much too  permissive a t  p r e c i s e l y  t h e  f requencies  t o  which t h e  human body 
is  most s e n s i t i v e .  I n  t h i s  connect ion,  i t  may be  noted t h a t  t h e  v e r t i c a l  
v i b r a t i o n  frequency range of 4 t o  6 Hz has  been e s t a b l i s h e d  experimental ly  as 
t h e  a rea  of resonance wi th  t h e  human v i s c e r a  ( r e f .  4 ) .  

For purposes of comparison, t h e  vertical  c r i t e r i o n  recommended by t h e  
writer has been superimposed i n  f i g u r e  5 .  The so-cal led "comfort" l i m i t  of t h e  
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I S 0  StanLard is  s..own t o  be a t  -2ast  t w i c e  t h e  "recommended" va lue ,  i n  t h e  
range of 4 t o  6 Hz. This  w i l l  be  discussed more f u l l y  i n  a later s e c t i o n .  

Absorbed Power Concept.- In the  1960's ,  Fred Pradko and Richard Lee, of 
t h e  U . S .  Army Tank-Automotive Command, Mobil i ty  Systems Laboratory,  c a r r i e d  o u t  
a unique series of v i b r a t i o n  experiments on human s u b j e c t s ,  us ing  t h e  most 
s o p h i s t i c a t e d  equipment and experimental  techniques.  
b e l i e f  t h a t  t h i s  i n v e s t i g a t i o n  and, e s p e c i a l l y ,  t h e  b r i l l i a n t  a n a l y s i s  of t h e i r  
r e s u l t s ,  c o n s t i t u t e  t h e  g r e a t e s t  con t r ibu t ion  t o  d a t e  t o  our  knowledge of human 
responses  t o  v i b r a t i o n .  

It is  t h i s  w r i t e r ' s  

The equipment cons is ted  of a hard,  f l a t  c h a i r  which could be v i b r a t e d  i n  
f i v e  s e p a r a t e  degrees  of freedom, namely ver t ica l ,  h o r i z o n t a l  ( la teral  and 
l o n g i t u d i n a l )  and angular  p i t c h  and r o l l ,  about  axes  through t h e  seat base.  
The v i b r a t o r y  motion w a s  imposed by servo-mechanisms c o n t r o l l e d  by a n  
o s c i l l a t o r  which could gene ra t e  any des i r ed  wave form and i n t e n s i t y  e i t h e r  
p e r i o d i c  o r  ape r iod ic .  
a c c e l e r a t i o n ,  b u t  a l s o  t h e  phase r e l a t i o n  between t h e  inpu t  and output  motions,  
and t h e  "absorbed power" o r  r a t e  of energy absorp t ion  i n t e r n a l l y  by t h e  
s u b j e c t ' s  body i n  r e s i s t i n g  t h e  induced v i b r a t o r y  motion. 

The ins t rumenta t ion  measured not  on ly  t h e  s u b j e c t ' s  

By c o r r e l a t i o n  wi th  the  sub jec t ive  responses ,  Pradko and Lee a r r i v e d  a t  
t h e  conclusion t h a t  t h e  s u b j e c t i v e  response is  a func t ion  of t h e  "absorbed 
power" and consequently,  t h a t  a cons tan t  absorbed power corresponds t o  a 
uniform degree of s u b j e c t i v e  response. To t h e  e x t e n t  t h a t  absorbed power is 
a v a l i d  i n d i c a t o r  of human response, i t s  d iscovery  means t h a t  t h e  o b j e c t i v e  
measurement of response now becomes p o s s i b l e  f o r  t h e  f i r s t  t i m e .  It fo l lows  
t h a t  t h e  q u a n t i t a t i v e  f ind ings  are bound t o  be much more p r e c i s e  than  any 
s u b j e c t i v e  determinat ion.  

Moreover, s i n c e  energy and power are scalar q u a n t i t i e s ,  as opposed t o  
v e c t o r  q u a n t i t i e s ,  they proposed t h a t  t h e  r e s u l t a n t  response t o  a complex 
v i b r a t i o n  can  be measured by d i r e c t l y  summing t h e  power absorbed by each 
d i r e c t i o n a l  component of t he  imposed v i b r a t i o n .  This  is another  of t h e  g r e a t  
p r a c t i c a l  advantages of t h e  absorbed power concept.  

Thei r  f i n d i n g s  were repor ted  i n  a series of papers  presented  t o  t h e  SAE 
and ASME from 1964 t o  1966. 
Human Vibra t ion  ( r e f .  5; see a l s o  r e f .  6) con ta ins  t h e  d e f i n i t i v e  q u a n t i t a t i v e  
d a t a  f o r  each of t h e  b a s i c  degrees  of freedom of motion of a sea t ed  person,  as 
i l l u s t r a t e d  i n  f i g u r e  6. I n  add i t ion ,  s e p a r a t e  d a t a  are g iven  f o r  v i b r a t i o n  
t r ansmi t t ed  v e r t i c a l l y  t o  t h e  person 's  f e e t .  These va lues  are given i n  t a b l e s  
of absorbed power cons t an t s ,  varying wi th  frequency. It should be  noted,  how- 
eve r ,  t h a t  cons t an t s  which were ext rapola ted  below l Hz should be  d is regarded .  
Lee  has  s i n c e  disavowed t h e  v a l i d i t y  of 'absorbed power' i n  t h i s  very  low 
frequency range because of t h e  dominance of a d i f f e r e n t  human response 
mechanism, namely, t h a t  a s soc ia t ed  wi th  motion s i ckness .  

In p a r t i c u l a r ,  a paper e n t i t l e d  "Analysis of 

The absorbed power i n  w a t t s  f o r  any g iven  a c c e l e r a t i o n  is: 

2 P = R (A) 
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where K = a cons tan t  f o r  a given frequency and d i r e c t i o n  of motion 

A = a c c e l e r a t i o n ,  m/sec2 (rms). 

Note t h a t ,  by bas ing  t h e  cons t an t s  on t h e  rms a c c e l e r a t i o n  va lue ,  they are 
app l i cab le  e i t h e r  t o  s i n e  wave o r  random v i b r a t i o n s .  

Figure 7 shows a comparison of t h e  Pradko-Lee ver t ica l  c h a r a c t e r i s t i c  wi th  
t h e  o r i g i n a l  Janeway comfort cr i ter ia  on a displacement-amplitude b a s i s  over 
t h e  frequency range of 1 t o  50 Hz. It i s  evident  t h a t  up t o  5 Hz t h e  agree- 
ment is remarkably c l o s e  i n d i c a t i n g  t h a t  cons t an t  absorbed power is v i r t u a l l y  
synonymous wi th  a cons tan t  j e r k  level i n  t h e  range of v e h i c l e  r i d e  f requencies .  

I n  a previous paper ( r e f .  7 ) ,  t h i s  writer der ived  a mathematical  expres- 
s i o n  f o r  absorbed power i n  a s imple v i b r a t i n g  system wi th  v iscous  damping. 
assuming a n a t u r a l  frequency of 5 Hz and 50% c r i t i ca l  damping, t h e  c a l c u l a t e d  
amplitude vs. frequency f o r  a cons t an t  absorbed power w a s  found t o  ag ree  
c l o s e l y  wi th  the  Pradko-Lee d a t a  f o r  cons t an t  response t o  v e r t i c a l  v i b r a t i o n  
over  the  e n t i r e  frequency range of i n t e r e s t .  The c a l c u l a t e d  p o i n t s  are a l s o  
p l o t t e d  i n  f i g u r e  7. I n c i d e n t a l l y ,  o t h e r  i n v e s t i g a t o r s ,  no tab ly  Coermann ( r e f .  
41, have found t h a t  human body resonance t o  ver t ica l  v i b r a t i o n  occurs  i n  t h e  
v i c i n i t y  of 5 Hz and gene ra l ly  e x h i b i t s  t h e  c h a r a c t e r i s t i c s  of a damped vi-  
b r a t i n g  system. 

By 

It w i l l  be noted i n  f i g u r e  7 t h a t  a minor resonance i s  ind ica t ed  i n  t h e  
Pradko-Lee d a t a  a t  11 Hz t h a t  i s  no t  i n  evidence i n  t h e  c a l c u l a t e d  va lues  f o r  
t h e  s i m p l e  systems. Thus, t h e  assumed analog t o  t h e  human body i s  a n  ev ident  
ove r s impl i f i ca t ion .  The f a c t  remains,  however, t h a t  t h e  b a s i c  mechanism 
involved i n  t h e  human response t o  v e r t i c a l  v i b r a t i o n  must be  t h a t  of forced  
v i b r a t i o n  of e l a s t i c a l l y  supported organs having inhe ren t  v i scous  damping. 

It  w i l l  a l s o  be  seen  i n  f i g u r e  7 t h a t  t h e  cons tan t  absorbed power cri ter-  
i o n  above 5 Hz corresponds gene ra l ly  t o  a cons t an t  v e l o c i t y  c h a r a c t e r i s t i c  
( l i n e a r l y  inc reas ing  a c c e l e r a t i o n  wi th  frequency) .  

Other Published Data.- Independent experiments on s u b j e c t i v e  responses  t o  
v i b r a t i o n  have been conducted by a number of o t h e r  i n v e s t i g a t o r s .  The most 
noteworthy are Miwa i n  Japan ( r e f .  8 ) ,  Coermann wi th  t h e  IS0 Working Group 7 i n  
Prague i n  1965, and Volkov i n  t h e  U.S.S.R. ( s e e  i t e m  10 of r e f e r e n c e  l i s t  of 
r e f .  8).  
t a b l e  1. (See next  page.) 

Thei r  f i n d i n g s  on ver t ica l  v i b r a t i o n  to l e rance  are summarized i n  

The recommended va lues  are included i n  t a b l e  1 f o r  comparison. 

Where t h e  response is  des igna ted  (al lowable t o  unp leasan t ) ,  t h e  minimum 
recommended a c c e l e r a t i o n  a t  4 t o  6 Hz i s  seen  t o  be  no h ighe r  than  0.030 g.  I n  
t h e  case  of Coermann, t h e  va lues  are taken from t h e  cons t an t  response curve 
n e a r e s t  t o  t h e  a l lowable  a c c e l e r a t i o n  a t  1 Hz. 

Also, it w i l l  be  noted t h a t  t h e  predominant s l o p e  i n  t h e  1 t o  5 Hz range 
i s  (-l), corresponding t o  a cons tan t  j e r k  c r i t e r i o n  ( a c c e l e r a t i o n  a l/f)* 
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Table 1 

Freq. a t  Min. Accel. Accel. a t  Slope n a t  
Source Response Min. Accel., Hz g (ns) 1 Hz, g 1 t o  5 Hz 

Miwa Unpleasant 
Boundary 

5 - 0.029 0.056* 

Coermann** Uniform 4-5 0.05 0.15 -1 

Volkov Allowable 6 0.018 0.147 -1 
(Comfort) 

Janeway Allowable 5 0.030 0.145 -1 
(Comfort) 

NOTES: "Maximum a c c e l e r a t i o n  l i m i t  of equipment a t  1 Hz 
( see  f i g u r e  10) 

**Contour rounded a t  1 and 5 Hz 

No hard evidence has been found t o  support  t h e  IS0 assumption t h a t  
a c c e l e r a t i o n  a l/& f o r  cons tan t  response,  o r  t h a t  a n  a c c e l e r a t i o n  of 0.07 g 
(rrns) is  a l lowable  f o r  comfort a t  4 t o  6 Hz, even f o r  very  s h o r t  t i m e  exposures.  

The cons tan t  j e r k  c r i t e r i o n  of response i n  t h e  low ver t ical  r i d e  frequency 
range h a s  a l s o  been confirmed by veh ic l e  f i e l d  tests, as repor ted  by Van E ld ik  
Thieme ( r e f .  9), M. Haack ( r e f .  lo), and R.  Fine ( r e f .  11). 

Horizontal  Vibra t ion  

'Absorbed Power' Resul ts . -  Un t i l  Pradko and L e e  published t h e i r  f i nd ings  
i n  1966, information on response t o  v i b r a t i o n s  i n  t h e  h o r i z o n t a l  p lane  were too 
meager t o  provide a b a s i s  f o r  reasonable  judgment. It w a s  gene ra l ly  agreed 
t h a t  human s e n s i t i v i t y  t o  ho r i zon ta l  v i b r a t i o n s  i s  markedly h igher  than  t o  
ve r t i ca l  v i b r a t i o n s  a t  low r i d e  frequencies .  However, i t  was commonly assumed 
t h a t  t h e  h o r i z o n t a l  response contour should p a r a l l e l  t h e  v e r t i c a l  b u t  a t  a 
lower level and a t  a cons tan t  ratio. For example, t h e  SAE Ride and Vib ra t ion  
Manual ( r e f .  12) contained a note  recommending t h a t  t h e  h o r i z o n t a l  c r i te r ia  be  
taken  a t  a uniform reduc t ion  of 30% from t h e  v e r t i c a l  comfort cri teria.  

The Pradko-Lee r e s u l t s  threw e n t i r e l y  new l i g h t  on t h e  n a t u r e  of human 
response t o  h o r i z o n t a l  v i b r a t i o n s  ( r e l a t i v e  t o  a sea ted  o r  s tanding  person) .  
They showed t h a t  t h e  g r e a t e s t  s e n s i t i v i t y  t o  these  v i b r a t i o n s  is  a t  t h e  lowest 
r i d e  f requencies ,  namely, 1 t o  2 Hz.  A t  1 Hz, t h e  t o l e r a n c e  was found t o  be  
only  one-seventh of t h a t  i n  the  v e r t i c a l  p lane ,  f o r  t he  same absorbed power. 
Above 2 Hz, however, t h e  to l e rance  inc reases  r a p i d l y  and cont inuously.  These 
c h a r a c t e r i s t i c s  are i l l u s t r a t e d  i n  f i g u r e  8 ,  wi th  re la t ive a c c e l e r a t i o n  as t h e  
o r d i n a t e  scale, and frequency a s  t h e  absc i s sa .  The la teral  and fore-and-aft 
responses  are shown s e p a r a t e l y  and are seen  t o  be  c l o s e l y  t h e  same. 
become equal  t o  t h e  v e r t i c a l  response a t  f requencies  of 3 and 3 . 3  Hz, 

They 
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r e spec t ive ly .  Above 3 . 3  Hz, t h e  h o r i z o n t a l  and ver t ical  contours  d ive rge  
rap id ly ,  with s e n s i t i v i t y  becoming much g r e a t e r  i n  t h e  v e r t i c a l  d i r e c t i o n  as 
t h e  ho r i zon ta l  t o l e rance  inc reases  according t o  : accel. = f 

Miwa Resul t s . -  I n  1967, T. Miwa i n  Japan publ ished t h e  f i r s t  of a series 
of papers on h i s  s u b j e c t i v e  experiments,  which included response t o  horizonta:  
as wel l  a s  t o  v e r t i c a l  v i b r a t i o n s  ( r e f .  7). 

I n  a genera l  way, M i w a ' s  r e s u l t s  resemble those of Pradko-Lee t o  t h e  
ex ten t  t h a t  t he  to l e rance  is a minimum a t  t h e  lowest  r i d e  f r equenc ie s ,  1 t o  3 
Hz, and then inc reases  ab rup t ly  as the  frequency rises. A s  shown i n  f i g u r e  9 ,  
t h e  minimum value  a t  the  'unpleasant '  boundary i s  0 . 0 4 8  g (rms),  and t h e  accel 
e r a t i o n  inc reases  l i n e a r l y  wi th  frequency beyond 3 Hz ( s lope  = 1). I n  f i g u r e  
which inc ludes  M i w a ' s  equiva len t  v e r t i c a l  response contour ,  i t  w i l l  be  noted 
t h a t  t h e  v e r t i c a l  a c c e l e r a t i o n  averages t h e  same as t h e  h o r i z o n t a l  over  t h e  
1 t o  3 Hz range, wi th  t h e  two i n t e r s e c t i n g  a t  2 Hz. 

The ind ica t ed  equal  response t o  ver t ica l  and h o r i z o n t a l  v i b r a t i o n s  a t  1 
t o  2 Hz is  con t r a ry  t o  common v e h i c l e  r i d e  observa t ions .  

This discrepancy can be accounted f o r  by M i w a ' s  admission t h a t  h i s  
observa t ions  were q u a n t i t a t i v e l y  ques t ionable  below 6 Hz because of 

(a )  The d i f f i c u l t y  of s u b j e c t i v e  judgment i n  matching 
response t o  the  s tandard  frequency of 20 Hz ( h i s  
experimental  procedure) 

(b) The l i m i t a t i o n  of h i s  equipment t o  a maximum 
v e r t i c a l  amplitude of 2 c m .  

I t  i s  be l ieved  t h a t  t he  la t ter  r e s t r i c t i o n  prevented t h e  a c c e l e r a t i o n  f r o  
reaching the  l e v e l  f o r  equal  response.  
1 Hz corresponds t o  the  f u l l  2 cm ampli tude) .  

(The a c c e l e r a t i o n  va lue  of 0.056 g a t  

In  a r e c e n t  exchange of correspondence wi th  Miwa, he  adv i ses  t h a t  r e c e n t  
f i nd ings  i n d i c a t e  h i s  h o r i z o n t a l  l i m i t  curve should be  extended a t  t h e  same 
s l o p e  from 3 Hz t o  2 Hz and then  maintained cons tan t  t o  1 Hz, as shown by t h e  
dot ted  l i n e  i n  f i g u r e  9. 
a poin t  between the  I S 0  and recommended va lues .  

This reduces h i s  minimum l i m i t  v a l u e  by one-third,  t c  

IS0  Standard Cr i t e r ion . -  Following p u b l i c a t i o n  of t he  Pradko and Lee 
f ind ings ,  t h e  IS0 commendably decided t o  adapt  t hese  new d a t a  t o  h o r i z o n t a l  
v i b r a t i o n  c r i te r ia ,  comparable t o  those  they had a l r e a d y  developed f o r  
v e r t i c a l  v i b r a t i o n s .  

What they a r r i v e d  a t  w a s  a composite of t he  Pradko-Lee and M i w a  r e s u l t s .  
From Miwa they adopted h i s  minimum a c c e l e r a t i o n  va lue  and t h e  cons tan t  ve loc i ty  
contour a t  the  h igher  f requencies .  From Pradko-Lee, they took t h e  cut-off of 
minimum to l e rance  a t  2 Hz. Also, i n  combination wi th  t h e  prev ious ly  adopted 
v e r t i c a l  contour ( a s  seen i n  f i g u r e  9), t h i s  made i t  p o s s i b l e  f o r  t h e  v e r t i c a l  
and ho r i zon ta l  response l i n e s  t o  i n t e r s e c t  a t  3 . 2  Hz, as shown by Pradko-Lee. 

538 



As pointed o u t  i n  connect ion with t h e  Miwa r e s u l t s ,  t h e  IS0 minimum 
h o r i z o n t a l  a c c e l e r a t i o n  va lue  is open t o  ques t ion .  This  is n o t  a matter of 
h a i r  s p l i t t i n g ;  t h e  IS0 al lowable a c c e l e r a t i o n  i s  f u l l y  2.4 times t h e  
recommended minimum value  der ived f o r  t h e  same cons tan t  absorbed power as t h a t  
e s t a b l i s h e d  f o r  t he  ver t ica l  comfort c r i t e r i o n .  

The ques t ion  may be r a i s e d  whether t h e  same absorbed power v a l u e  w i l l  
n e c e s s a r i l y  ensure  comfort i n  the h o r i z o n t a l  as w e l l  as i n  t h e  ver t ica l  plane.  
An a f f i r m a t i v e  answer is ind ica t ed  by comparison of M i w a ' s  h o r i z o n t a l  
'unpleasant '  boundary wi th  t h e  recommended comfort c r i t e r i o n  based on t h e  
cons t an t  absorbed power of 0.2 watts. 
of 3 t o  10 Hz, t h e  two l i n e s  average c l o s e l y  t h e  same. This  i s  t h e  range  of 
presumed g r e a t e r  r e l i a b i l i t y  f o r  M i w a ' s  r e s u l t s ,  and t h e  same area i n  which t h e  
two ver t ica l  cri teria so c l o s e l y  agree. 

F igure  9 shows, i n  t h e  frequency range 

P i t c h  and R o l l  Vibra t ions  

Pradko and Lee  a l s o  inves t iga t ed  t h e  e f f e c t s  of p i t c h  and r o l l  v i b r a t i o n s  
about  axes  through t h e  sea t - subjec t  i n t e r f a c e  (see f i g u r e  6 ) .  

The i s o l a t e d  e f f e c t s  of t hese  angular  a c c e l e r a t i o n s  were found t o  be  
n e g l i g i b l e .  This can be  accounted f o r  by t h e  observed a b i l i t y  of t h e  s u b j e c t ,  
when n o t  confined i n  t h e  seat, t o  remain i n  a s u b s t a n t i a l l y  vertical  p o s i t i o n  
dur ing  such v i b r a t i o n s .  

It should be  noted t h a t  t h e  imposi t ion of a seat b e l t  and shoulder  ha rness  
may s e r i o u s l y  change t h i s  i s o l a t i o n  from angular  motions pe r  se. This  does n o t  
apply ( t o  t h e  same ex ten t )  t o  the  ho r i zon ta l  l i n e a r  a c c e l e r a t i o n s  on t h e  seat 
produced by angular  a c c e l e r a t i o n s  about remote axes. However, confinement i n  
t h e  seat would impose more d i r e c t  l i n e a r  a c c e l e r a t i o n s  on t h e  d r i v e r ' s  head 
than  would o therwise  be  t h e  case, and, t h e r e f o r e ,  make f o r  g r e a t e r  discomfort .  

Summary: Criteria Comparison 

The foregoing review is believed t o  amply j u s t i f y  t h e  conclus ion  t h a t  t h e  
Pradko-Lee absorbed power results are t h e  most r e l i a b l e  and have t h e  g r e a t e s t  
a p p l i c a b i l i t y  t o  t h e  eva lua t ion  of v e h i c l e  r i d e .  The reasons may be  summarized 
as fol lows:  

1. 

2. 

3 .  

4 .  

The exce l lence  of t h e  equipment and ins t rumenta t ion  ensured 
p r e c i s e  c o n t r o l  of i npu t  v i b r a t i o n  wave form and absence of 
extraneous n o i s e  d is turbance .  

The thorough execut ion of t h e  s u b j e c t i v e  experiments provided 
a s o l i d  b a s i s  f o r  t h e  a n a l y t i c a l  conclusions.  

The b r i l l i a n t  mathematical development of t h e  absorbed power 
concept which, f o r  t he  f i r s t  t i m e ,  provided a meaningful 
o b j e c t i v e  measure of human v i b r a t i o n  response.  

The g r e a t e r  q u a n t i t a t i v e  accuracy inhe ren t  i n  o b j e c t i v e  measurement 
compared t o  exc lus ive  r e l i a n c e  on s u b j e c t i v e  responses .  
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5. The e x c e l l e n t  c o r r e l a t i o n  wi th  p rev ious ly  e s t a b l i s h e d  c r i te r ia  
and human body c h a r a c t e r i s t i c s .  

6. The a b i l i t y  t o  combine a l l  components of a complex v i b r a t i o n  
input  i n t o  a r e s u l t a n t  measure of response.  

RECOMMENDED COMFORT CRITERIA 

For t h e  reasons  g iven  i n  t h e  prev ious  s e c t i o n ,  t h e  Pradko-Lee concept of 
"absorbed power," as a n  o b j e c t i v e  measure of s u b j e c t i v e  response t o  v ibra t ior :  
has  been adopted by t h e  writer as t h e  most r e l i a b l e  guide  t o  v a l i d  cr i ter ia  c 
human to l e rance .  

Although Pradko and Lee have def ined  t h e  c h a r a c t e r i s t i c  v a r i a t i o n s  i n  
a c c e l e r a t i o n  f o r  a cons tan t  response (cons tan t  absorbed power), they have not  
attempted t o  f i x  l i m i t s  f o r  comfort o r  f o r  any o t h e r  degree of s u b j e c t i v e  
response.  Thei r  p o s i t i o n  i s  t h a t  t o l e rance  is a relative term, and t h a t  t h e  
t o l e r a b l e  i n t e n s i t y  level w i l l  change wi th  t h e  environment i n  which t h e  v i b r a  
t i o n  exposure t akes  p lace .  

Consequently, t h e  p r i n c i p a l  t a s k  i n  applying t h e  Pradko-Lee f i n d i n g s  is 
t o  a r r i v e  a t  a v i a b l e  l i m i t  of absorbed power f o r  comfort .  Fo r tuna te ly ,  w e  
have an  accumulated body of observa t ions  from experiment and f i e l d  exper ience  
on which t o  base  such a c o r r e l a t i o n .  F i r s t  of a l l ,  t h e  one p o i n t  of agreemen 
between t h e  IS0 Standard and my previous  recommendations is  t h e  ver t ica l  
a c c e l e r a t i o n  l i m i t  f o r  comfort a t  1 Hz. This  l i m i t  of 0.2 g (peak) ,  0.145 g 
(rms), f i r s t  proposed i n  1948 f o r  s h o r t  term s i n e  wave v i b r a t i o n s ,  has  with- 
stood t h e  test of t i m e .  

By sheer  happenstance,  t h i s  a c c e l e r a t i o n  is equ iva len t  t o  an absorbed 
power of 0 .2  w a t t ,  as c a l c u l a t e d  i n  appendix A from t h e  Pradko-Lee t a b l e  of 
ver t ica l  v i b r a t i o n  cons t an t s .  This rate of energy d i s s i p a t i o n  i s  equ iva len t  
0.02 kg-m/sec (1.8 in - lb / sec ) .  

Vertical L i m i t s  

F igure  10 shows a p l o t  of t h e  v e r t i c a l  a c c e l e r a t i o n  va lues  corresponding 
t o  a cons tan t  absorbed power of 0.2 w a t t  over t h e  frequency range of 1 t o  50 1 
For f requencies  over 5 Hz, t h e  a c c e l e r a t i o n  va lues  are a l s o  g iven  i f  t h e  power 
l i m i t  inc ludes  t h a t  absorbed by t h e  f e e t  of a sea t ed  person exposed t o  t h e  san 
input  v i b r a t i o n .  A s  a frame of r e fe rence ,  t h e  boundary of t h e  o r i g i n a l  Janews 
recommended comfort c r i t e r i o n  is  a l s o  shown. It is evident  t h a t  t h e  cons t an t  
j e r k  l i n e  approximates t h e  Pradko-Lee va lues  from 1 t o  5 Hz. Above 5 Hz, a 
cons tan t  v e l o c i t y  (shown broken) is a p e r f e c t  f a i r i n g  of t h e  Pradko-Lee va lues  
averaging wi th  and without  t h e  power absorbed i n  t h e  f e e t .  The r e s u l t a n t  com- 
f o r t  boundary is  a n  unsymmetrical ' V ' ,  which is  ve ry  simply descr ibed  mathe- 
ma t i ca l ly  as fo l lows:  

8 (ms) 0.145 For f = 1 t o  5 Hz accel. = - f 

f = 5 t o  50 Hz accel. = 24 = 0.066 f g ( r m s )  
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It is important  t o  no te  t h a t  a cons t an t  absorbed power impl i e s  a cons t an t  
d u r a t i o n  of exposure as w e l l  as of response.  Refer r ing  t o  t h e  o r i g i n a l  d a t a  
sou rces ,  a cons t an t  du ra t ion  of 16 minutes has  been ass igned  t o  t h e  boundary 
va lues  of f i g u r e  10. 
t o  t r a v e r s i n g  a 24.1 kin rough s t r e t c h  of highway a t  85.5 km/hr. 

I n  ground t r a n s p o r t a t i o n  v e h i c l e s ,  t h i s  would correspond 

It is ev iden t  i n  f i g u r e  10 t h a t  t h e  o r i g i n a l  Janeway criteria incorpora ted  
an  o f f s e t  a t  cons t an t  a c c e l e r a t i o n ,  from 6 t o  20 Hz, between t h e  cons t an t  j e r k  
and cons t an t  v e l o c i t y  phases. 
d i scuss ion  on t h e  development of the earlier c r i t e r i a .  

This  has  a l r e a d y  been accounted f o r  i n  t h e  

Hor izonta l  L i m i t s  

It is  evident  i n  t h e  Pradko-Lee curves of relative h o r i z o n t a l  a c c e l e r a t i o n s  

Cer t a in ly ,  t h e  d i f f e r -  
v s .  frequency f o r  cons t an t  absorbed power ( f i g u r e  8) t h a t  t h e  l a t e r a l  and fo re -  
and-af t  va lues  are c l o s e l y  t h e  same a t  most f r equenc ie s .  
ences  are not  of an  order  t o  warrant s e p a r a t e  criteria i n  t h e  two d i r e c t i o n s .  

F igure  11 is  a p l o t  on log-log coord ina te s  of t h e  ca l cu la t ed  va lues  of t h e  
h o r i z o n t a l  a c c e l e r a t i o n s  i n  t h e  two d i r e c t i o n s ,  f o r  a cons t an t  absorbed power 
of 0 .2  w a t t ,  over  t h e  frequency range of 1 t o  20 Hz. The a c c e l e r a t i o n  l i m i t s  
are v i r t u a l l y  i d e n t i c a l  i n  t h e  c r i t i c a l  range of 1 t o  2 Hz, and aga in  a t  6 Hz 
and h ighe r  f requencies .  The divergence i n  t h e  2.5 t o  5 Hz range, however, is 
reasonably w e l l  r econc i l ed  by a s t r a i g h t  l i n e  connect ing t h e  va lues  a t  2 Hz and 
from 6 t o  10 Hz. This line h a s  a s lope  of 1.5,  i n d i c a t i n g  t h e  r e l a t i o n s h i p :  

iccel. = 0.02 (y) 

l i m i t i n g  a c c e l e r a t i o n  wi th  t h e  square of frequency. 
however, t h e  range of 1 t o  10 Hz comprises t h e  important  range of r i d e  
d i s tu rbance .  

f 1.5 
g (rms) . 

Above 10 Hz, t h e  s l o p e  inc reases  t o  2, corresponding t o  a v a r i a t i o n  of 
For p r a c t i c a l  purposes, 

The d i r e c t  comparison of t h e  recommended limits wi th  t h e  I S 0  Standard com- 
f o r t  boundaries  is shown i n  f i g u r e  12 .  
ous ly  a t  t h e  most s e n s i t i v e  f requencies  f o r  human v i b r a t i o n  response, both 
v e r t i c a l l y  and h o r i z o n t a l l y .  
between I S 0  and recommended va lues  is 2.4, corresponding t o  an absorbed power 
r a t i o  of nea r ly  6. 

The outs tanding  d i f f e r e n c e s  are obvi- 

I n  both cases ,  t h e  maximum r a t i o  of a c c e l e r a t i o n  

Vibra t ion  Exposure Time 

I n  t h e  course  of t h e  d e l i b e r a t i o n s  of our ANSI Vib ra t ion  Tolerance Working 
Group, i t  became clear t h a t  c r i t e r i a  of exposure limits, i n  a d d i t i o n  t o  s p e c i f i -  
c a t i o n s  of frequency and i n t e n s i t y ,  needed a t h i r d  dimension, namely, t h e  t i m e  
d u r a t i o n  of exposure. 

I n  t h e  search  f o r  experimental d a t a  on t h i s  a s p e c t  of v i b r a t i o n  t o l e r a n c e ,  
t h i s  writer found only two fragments i n  t h e  l i t e r a t u r e ,  and these  from widely 
d i f f e r e n t  f i e l d s .  One was i n  a r epor t  by Notess ( r e f .  13) t o  t h e  Cornel1 
Aeronaut ica l  Laboratory i n  1963 on r e a c t i o n  t o  d i s tu rbances  i n  a i r c r a f t ,  i n  t h e  
frequency range of 0.6 t o  1 Hz; the  o t h e r  source  w a s  a pub l i ca t ion  of Mauzin 
and Spe r l ing  (see d a t a  i n  r e f .  10) on obse rva t ions  i n  ra i lway passenger c a r s ,  
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a t  frequencies  of 1 t o  2 Hz. 
semilog coord ina tes ,  w i th  relative a c c e l e r a t i o n  t o l e r a n c e  as o r d i n a t e ,  and 
exposure t i m e  as a b s c i s s a .  
Working Group f o r  t h e i r  cons idera t ion .  

Refer r ing  t o  f i g u r e  13, t h e s e  d a t a  are p l o t t e d  ( 

The d a t a  were submit ted i n  t h i s  form t o  t h e  ANSI 

It  must b e  considered t h a t  t h e s e  obse rva t ions  were n o t  made under 
con t ro l l ed  condi t ions  b u t  were i n c i d e n t a l  t o  t y p i c a l  ope ra t ing  cond i t ions  i n  
each case.  
been comparable. 
v a l i d i t y  that could be  a sc r ibed  t o  t h e  r e s u l t s .  

Also, t h e  levels of v i b r a t i o n  i n t e n s i t y  were n o t  l i k e l y  t o  have 
Consequently, i t  w a s  impossible  t o  estimate t h e  degree  of 

Nevertheless ,  t h e  IS0  S tandard ' s  relative a c c e l e r a t i o n  t o l e r a n c e  v a l u e s  
vs. exposure time are l a r g e l y  based on t h e s e  d a t a  and are app l i ed  ind i sc r imi -  
na t e ly  t o  a l l  f requencies ,  response  levels, and t o  both ve r t i ca l  and horizontE 
v ib ra t ions .  

As f a r  as comfortable levels  of v i b r a t i o n  are concerned, they  should 
t h e o r e t i c a l l y  be  independent of t i m e  du ra t ion .  S t r i c t l y  def ined ,  'comfort '  
should mean a n  absence of d i s turbance ;  t h e r e f o r e ,  t h e r e  should b e  no cumulativ 
e f f e c t  w i th  t i m e .  The comfort s tate,  i n  some ways, may be  l ikened  t o  t h e  con- 
d i t i o n  of dynamic stress i n  a material below i t s  endurance l i m i t .  
la t ter  case, no damage w i l l  occur even a f t e r  a t h e o r e t i c a l l y  i n f i n i t e  number 
of repeated stress cyc les .  

I n  t h e  

This  i s  no t  t o  say  t h a t  f a t i g u e  cannot occur  i n  a v e h i c l e  over  a prolonge 
per iod,  f o r  reasons of confinement, no i se ,  poor v e n t i l a t i o n ,  etc.  The same 
f a t i g u e  could conceivably r e s u l t  even though no v i b r a t i o n  were p resen t .  

Considerat ion of f a t i g u e  as a r e s u l t  of sus t a ined  exposure t o  v i b r a t i o n  i 
a l e g i t i m a t e  concern i n  environments having v i b r a t i o n  i n t e n s i t i e s  w e l l  above 
t h e  comfort level, as a p e r t i n e n t  example, i n  highway t rucks  and t r u c k  t r a c t o r  
The drawback h e r e  is t h e  d i f f i c u l t  problem of e s t a b l i s h i n g  v a l i d  q u a n t i t a t i v e  
r e l a t i o n s h i p s  between t h e  v i b r a t i o n  parameters  ( d i r e c t i o n ,  i n t e n s i t y ,  and 
frequency) and exposure time a t  onse t  of f a t i g u e .  

So f a r ,  no one has  succeeded i n  determining t h e  onse t  of f a t i g u e  i n  human 
by any o b j e c t i v e  measurement, o r  s u b j e c t i v e  response,  and no t  f o r  l a c k  of 
t ry ing  on t h e  p a r t  of many i n v e s t i g a t o r s .  
t h e  I S 0  Standard of e l a b o r a t e  t a b l e s  of t o l e r a b l e  exposure t i m e  f o r  any g iven  
v i b r a t i o n  cond i t ion  must be  viewed as completely a r b i t r a r y .  

Consequently, t h e  promulgation by 

It should be noted,  a l s o ,  t h a t  t h e  primary I S 0  Standard d a t a  are  p resen te  
as the  boundaries  of "fatigue-decreased prof ic iency ."  From t h e s e  va lues ,  t h e  
corresponding 'comfort '  levels must b e  computed by d iv id ing  by a cons t an t  (3.1 
r ega rd le s s  of frequency o r  d i r e c t i o n  of v i b r a t i o n .  This  cons t an t  r e l a t i o n s h i p  
i n  i t s e l f ,  i s  an  unsupported assumption. That is ,  of course ,  how t h e  IS0 
values  c i t e d  i n  t h i s  paper were a r r i v e d  a t .  

The coupl ing of so-cal led ' f a t i g u e '  w i th  'decreased performance' i s  s t i l l  
another  l i b e r t y  taken by t h e  IS0 Standard except  i t  happens t h a t  va r ious  aspec  
of human f u n c t i o n a l  performance are s u b j e c t  t o  q u i t e  p r e c i s e  measurement. 
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Highly p e r t i n e n t  d a t a  on t h i s  score  are revea led  by t h e  r e s u l t s  of a n  
extensive series of con t ro l l ed  labora tory  tests made by Bostrom Research 
Labora to r i e s  f o r  t h e  U . S .  Army ( r e f .  14 ) .  Refer r ing  t o  f i g u r e s  14  and 15, t h e  
fo l lowing  f ind ings  e f f e c t i v e l y  chal lenge t h e  ISO's assumed e f f e c t s  of vertical  
v i b r a t i o n  on performance: 

1. Performance can be h ighly  s e n s i t i v e  t o  f requency,  wi thout  
r e l a t i o n  t o  t h e  pas s ive  response t o  v i b r a t i o n .  
va lues  are taken from f i g u r e  14: 

The fol lowing 

Table 2 

Frequency, Peak Performance 
Type of Performance Hz I n t e n s i t y ,  g E r r o r ,  % 

Visual  Acui ty  2.5 0.35 4 
3.5 0.30 23 

Compensatory Track. 2.5 0.35 10.2 
3.5 0.30 14.2 

Foot P res su re  2.5  0.35 42 
3.5 0.30 so 

IS0 Boundary 
(16 min) 

It  is ev iden t  t h a t  t h e  IS0 designated "boundary of decreased 
performance" f o r  an  exposure of 16  min would be  f a r  h igher  
than  an  accep tab le  l i m i t  under a l l  cond i t ions  a t  3.5 Hz and 
f o r  a t  least  one of t h e  performance types  ( f o o t  pressure)  a t  
2.5 Hz. 

2. The IS0 assumption t h a t  the  decreased p ro f i c i ency  boundary 
becomes p rogres s ive ly  lower wi th  d u r a t i o n  of v i b r a t i o n  exposure 
i s  without  foundat ion.  Figure 15 shows t h a t  no apprec iab le  
change i n  performance occurred over a pe r iod  of 90 min exposure, 
even a t  t h e  h igh  sus ta ined  i n t e n s i t i e s  of t h e  Bostrom tests. 

With regard  t o  t h e  re la t ive  e f f e c t  of exposure t i m e  on t h e  onse t  of 
f a t i g u e ,  i s  is  of t h e o r e t i c a l  i n t e r e s t  t h a t  t h e  'absorbed power' concept pro- 
v i d e s  a r a t i o n a l  b a s i s  f o r  d e r i v i n g  such a r e l a t i o n s h i p .  I f  a given level of 
absorbed power, Po, produces f a t i g u e  i n  an  exposure t ime,  to, then  i t  may be 
reasoned t h a t  t h i s  i s  the  cumulative e f f e c t  of t h e  t o t a l  energy absorbed, o r  
Poto,  It might be l o g i c a l  then  t o  expect an  equal  amount of energy absorbed 
a t  some o t h e r  ra te  (power) t o  produce t h e  same f a t i g u e  e f f e c t .  

I f  Poto = Eo i s  a known reference  cond i t ion  f o r  onse t  of f a t i g u e :  

Then : 
0 E = Pt = Poto 
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Where P = absorbed power a t  some o t h e r  g iven  cond i t ion  of f requency 
and d i r e c t i o n ,  a t  which A.P. cons t an t  = K and a c c e l .  ( r m s )  = A, 
t = exposure time a t  (P) 

2 Then, P = KA2, s i m i l a r l y ,  Po = KOAo 

and, KA't = KoAoLto 

A2 to - = -  
A 2 K t  

0 

If t h e  frequency and d i r e c t i o n  are t h e  same under both  cond i t ions ,  KO = K 
and : 

A A Figure 16 is a p l o t  of - o n  log-log coord ina te s ,  t ak ing  - = 1 a t  
AO AO 

= 16 min, f o r  a cons t an t  va lue  of K.  Obviously, t h i s  becomes a s t r a i g h t  

Also p l o t t e d  are t h e  r e l a t i v e  a c c e l e r a t i o n  va lues  vs. l i n e  of s l o p e  = - - 2' 
exposure time f o r  t h e  f a t i g u e  boundaries  s p e c i f i e d  i n  t h e  IS0 Standard,  aga in  
taking 16 min exposure as t h e  cond i t ion  f o r  accel. = 1. 
t h e  IS0 r e l a t i v e  v a l u e s  ag ree  c l o s e l y  wi th  t h i s  t h e o r e t i c a l  r e l a t i o n s h i p .  

It is  apparent  t h a t  

A l l  t h a t  remains is f o r  t h e  base  cond i t ion  f o r  onse t  of f a t i g u e  t o  be 
e s t ab l i shed  . 

RIDE EVALUATION 

The d e t a i l s  of r i d e  eva lua t ion  are o u t s i d e  t h e  scope of t h i s  paper. Neve1 
t h e l e s s ,  such de termina t ion  i s  t h e  u l t i m a t e  purpose of any system of r i d e  
cri teria.  
r e s u l t a n t  human response t o  t h e  complex v i b r a t i o n  environment of t h e  real  worlc 
is  the a c i d  t e s t .  

It fo l lows  t h a t  t h e  a b i l i t y  of t h e  app l i ed  c r i t e r i a  t o  measure t h e  

Appl ica t ion  of Absorbed Power 

The outs tanding  c o n t r i b u t i o n  of t h e  'absorbed power' concept is t h a t ,  
being a s c a l a r  q u a n t i t y  r a t h e r  t han  a v e c t o r ,  any number of s imultaneous v ib ra -  
t i o n  components can be summed d i r e c t l y  t o  o b t a i n  a n  e f f e c t i v e  one-number 
r e s u l t a n t .  I n  c o n t r a s t ,  a system l i k e  t h e  I S 0  Standard can a t tempt  t o  eva lua te  
t h e  r e s u l t a n t  of a number of component f r equenc ie s  i n  t h e  same d i r e c t i o n  b u t  
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wi th  d i f f i c u l t y  and with ques t ionable  accuracy. (See Notes,  pp. 8 and 9 of 
ISO/DIS 2631.) 
t h e  IS0 i n s t r u c t i o n s  are e x p l i c i t ;  the  l i m i t s  must b e  app l i ed  "separa te ly  t o  
each component i n  t h e  t h r e e  axes." 

However, f o r  simultaneous v i b r a t i o n s  i n  d i f f e r e n t  d i r e c t i o n s ,  

This  advantage of c r i t e r i a  based on 'absorbed power' is  enormously 
important  i n  such real r i d e  environments as r a i l  cars, t rucks ,  and t r a c t o r s .  
Here t h e  h o r i z o n t a l  v i b r a t i o n a l  d i s turbance  can produce equal  o r  g r e a t e r  
i n t e n s i t y  of opera tor  response a s  compared wi th  t h e  ver t ica l  d is turbance .  
Hence, s e p a r a t e  eva lua t ion  cannot begin t o  measure t h e  r e s u l t a n t  response.  

As a case i n  po in t ,  t h e  r e s u l t s  summarized i n  t a b l e  3 were obta ined  i n  
comparative r i d e  measurements on two c u r r e n t  model t ruck - t r ac to r s ,  under 
i d e n t i c a l  ope ra t ing  and road condi t ions .  
g iven  i n  appendix D of r e f .  2.) 

(The d e t a i l s  of t h i s  eva lua t ion  are 

~- 

Table 3 

Trac tor  A Trac tor  B 

Vertical 
On Cab Floor - Susp. Freq. 

Tire Freq. 
On Driver - Susp. Freq. 

T i r e  Freq. 
Fore and Af t  on Driver 

Absorbed Power on Driver ,  W 

Susp. Freq.,  (K = 0.775) 
Tire Freq.,  (K = 1.59) 

V e r t i c a l  

To ta l  Vertical 
Fore and Aft ,  (K = 1.97) 

0.92 
0.45 
1.29 
0.043 
0.51 

1.0 
0.07 

1.07 
1 .01  

1.24 
0.074 
2.07 

0.77 
----- 

1.61 
1.52 

T o t a l  Abs. Power, W 
Ra t io  t o  Comfort L i m i t  (=0.2 W) 

2.08 
10.40 

Ra t io  of Equiv. Mean Accel. t o  Comfort L i m i t  3.23 

3.13 
15.65 

3.96 

It w i l l  be  seen  t h a t  t h e  sepa ra t e ly  i n t e g r a t e d  v e r t i c a l  and h o r i z o n t a l  
v i b r a t i o n s ,  i n  terms of 'absorbed power,' are c l o s e  t o  t h e  same i n t e n s i t y ,  i n  
each of t h e  v e h i c l e s .  Each r e s u l t a n t ,  obtained by d i r e c t  a d d i t i o n ,  is thus  
about  twice as g r e a t  as t h e  sepa ra t e  components. 

By comparing t h e  o v e r a l l  r e s u l t a n t  'absorbed power' wi th  t h e  comfort cri- 
t e r i o n  of 0.2 w a t t ,  t h e  t r u e  magnitude of t h e  d i s tu rbance  is revea led ,  a t  10 t o  
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15 , t imes  t h e  recommended level.  The conversion t o  'absorbed power' f o r  any 
observed a c c e l e r a t i o n  va lue  and v i b r a t i o n  d i r e c t i o n  i s  obta ined  from t h e  
r e l a t i o n  : 

2 2  P = 0.2 A /Ao 

Where A = observed a c c e l e r a t i o n ,  g ( r m s )  

A. = comfort l i m i t  a c c e l e r a t i o n ,  g (rms), f o r  t h e  same 
frequency and d i r e c t i o n  

o r  2 2 P = KA (9.81) 

0.2 Where K = 
(Ao 9.81)2 

A caut ionary  no te  should be  added. I f  any system of c r i t e r i a  of human 
response is t o  b e  meaningfully app l i ed ,  t h e  ins t rumenta t ion  must measure t h e  
t r u e  v i b r a t i o n  inpu t  t o  t h e  s u b j e c t ;  and t h e  l o c a t i o n s  of t h e  measurements 
r e l a t i v e  t o  t h e  s u b j e c t  must accord wi th  those  used i n  e s t a b l i s h i n g  t h e  criter: 

The recommended cr i ter ia  are d i r e c t e d  t o  t h e  v i b r a t i o n  inpu t  a t  t h e  i n t e r -  
f a c e  of t he  seat and t h e  s u b j e c t ' s  anatomy. Where a cushioned seat i s  p resen t  
t h e  v e r t i c a l  t ransducer  must be in te rposed  between t h e  cushion and t h e  s u b j e c t  
As an  a l t e r n a t i v e ,  t h e  v e r t i c a l  i npu t  can be  measured on t h e  s u b j e c t ' s  shouldei 
and a c o r r e c t i o n  made f o r  t h e  a m p l i f i c a t i o n  o r  a t t e n u a t i o n  of t h e  anatomy 
according t o  experimental ly  e s t a b l i s h e d  average f a c t o r s  ( r e f .  2) .  The horizon- 
t a l  input  can  be  measured on t h e  seat frame a t  t h e  level of t h e  i n t e r f a c e  wi th  
sub jec t .  (This  assumes no confinement wi th  r e s p e c t  t o  a cushion seat back.) 

The I S 0  Standard has  very  e x p l i c i t  i n s t r u c t i o n s  as t o  t h e  l o c a t i o n  of 
v e r t i c a l  measurements. It is  vague, however, on t h e  matter of h o r i z o n t a l  
measurement l o c a t i o n .  

Appl ica t ion  t o  Power S p e c t r a l  Densi ty  

This is  a method of a n a l y s i s  t h a t  has  been widely used wi th  t a p e  recorded 
accelerometer  d a t a .  
f i l t e r s  and squar ing  t h e  ou tpu t ,  t h e  mean squared a c c e l e r a t i o n  i n  each 
frequency band i s  char ted .  

By playing t h e  t ape  back through a series of narrow band 

I n  o rde r  t o  apply absorbed power cr i ter ia  t o  r i d e  eva lua t ion  from power 
s p e c t r a l  dens i ty  d a t a ,  i t  i s  obviously necessary t o  apply weighting f a c t o r s ,  
according t o  t h e  c r i t e r i a  f o r  equal  response over  t h e  frequency range. S ince  
t h e  o rd ina te s  of t h e  c h a r t  a l r eady  r e p r e s e n t  t h e  mean square  of a c c e l e r a t i o n ,  
i t  is  only necessary t o  mul t ip ly  t h e  o r d i n a t e s  by t h e  absorbed power (K) va lue ,  
corresponding t o  each frequency, t o  o b t a i n  a n  absorbed power graph. The area 
under t h i s  graph is  t h e  t o t a l  absorbed power. 

This  type  of eva lua t ion  has  a s e r i o u s  de f i c i ency ,  namely, t h a t  i t  g ives  nc 
i n s i g h t  i n t o  t h e  ampli tude d i s t r i b u t i o n .  Thus, t h e  same mean a c c e l e r a t i o n  
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square  o r d i n a t e  can be in t eg ra t ed  from many small a c c e l e r a t i o n s  o r  from a few 
l a r g e  ones.  A r i d e  t h a t  comprises many small a c c e l e r a t i o n s  might be comfort- 
a b l e ,  wh i l e  t h e  few l a r g e  a c c e l e r a t i o n s  n i g h t  make t h e  r i d e  unacceptable .  

CONCLUSIONS 

The IS0 Standard cr i ter ia  should be  r e j e c t e d  i n  view of t h e  fol lowing 
d e f i c i e n c i e s :  

1. The 'comfort '  boundary va lues  are excess ive  a t  t h e  most c r i t i ca l  
r i d e  f requencies ,  f o r  both ver t ica l  and h o r i z o n t a l  v i b r a t i o n s .  

2.  The primary ' fa t igue-decreased p ro f i c i ency '  boundary va lues  are 
gene ra l ly  a t  t oo  h igh  a l e v e l  f o r  reasonable  f a t i g u e  limits and 
have no v a l i d i t y  wi th  r e spec t  t o  'decreased p ro f i c i ency . '  

3 .  The re la t ive change i n  'comfort '  boundary va lues  should be much 
less s e n s i t i v e  t o  t i m e  of exposure than  t h e  ' f a t i g u e '  va lues ,  
a l though t h e  same relative s e n s i t i v i t y  is  assumed f o r  bo th .  

The recommended comfort limits based on absorbed power, f o r  f r equenc ie s  of 
1 Hz and h ighe r ,  should be adopted because 

1. The ver t ica l  c h a r a c t e r i s t i c  vs.  frequency is confirmed by 
t h e  b e s t  a v a i l a b l e  sub jec t ive  d a t a ,  as w e l l  as by experience,  
e s p e c i a l l y  i n  t h e  r i d e  frequency range.  

2. The h o r i z o n t a l  c r i t e r i a  were t h e  f i r s t  t o  o f f e r  a d e f i n i t i v e  
guide t o  v a l i d  comfort limits f o r  v i b r a t i o n s  i n  t h e  h o r i z o n t a l  
plane.  

3 .  Absorbed power is an  o b j e c t i v e  measure of human response.  
A s  such, i t  is  bound t o  be much more p r e c i s e  than  any 
s u b j e c t i v e  de te rmina t ion .  

4 .  The a b i l i t y  t o  i n t e g r a t e  the  absorbed power under complex 
real  environments, cons i s t ing  of simultaneous ver t ica l  and 
h o r i z o n t a l  v i b r a t i o n s ,  means a g r e a t  s t e p  forward i n  v e h i c l e  
r i d e  eva lua t ion .  

The a v a i l a b l e  experimental  d a t a  are e n t i r e l y  inadequate  t o  suppor t  any 
v a l i d  s t anda rds  f o r  t h e  fol lowing c r i t e r i a ,  which are incorpora ted  i n  t h e  IS0  
document : 

1. L i m i t s  of v i b r a t i o n  i n t e n s i t y  vs. frequency, r ep resen t ing :  

a. Fa t igue  boundaries;  

b .  Reduced p ro f i c i ency  of performance. 

2. Relative t o l e r a n c e  vs. exposure t i m e  a t  s p e c i f i c  response levels. 
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APPENDIX A 

CALCULATION OF ABSORBED POWER COMFORT CRITERION 

Taking 5.1 cm i n  amplitude ( s i n g l e )  a t  1 Hz as an  e s t a b l i s h e d  comfort 
l i m i t ,  t h e  corresponding r m s  a c c e l e r a t i o n  is: 

2 (2 IT f )  a 

fi 100 
A =  

2 - (4  T ) 5.1 - 
fi 100 

where: 

From 

2 = 1.42 m / s  

2 A = accel.,  m / s  , rms 

f = f requency,  Hz 

a = ampli tude,  cm 

Pradko-Lee t a b l e  of ver t ica l  c o n s t a n t s ,  a t  1 Hz, Kv = 0.0985 W / ( m / s '  

Abs. Power = K,A~ 

2 
= 0.0985 (1.42) 

= 0.198 W 

check a t  f 4.75: recommended a c c e l e r a t i o n  comfort l i m i t  is  0.0305 g (rms). 
Absorbed power cons t an t  (Pradko-Lee) is maximum a t  Kv = 2.189 

2 Abs. Power = 2.189 (0.0305 9.81) 

=I 0.196 W 

.*. Constant absorbed power corresponding t o  recommended v e r t i c a l  c r i t e r i c  
P = 0.2 w. 
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FREOUENCY- CYCLES PER SECOND 

Figure 1.- Correlation of vibration data, jerk as a function 
of frequency, for constant response. (1 ft 0 . 3 0 4  m; 
1 CPS = 1 Hz.) 



Figure 2.- Correlation of 
frequency, €or 

vibration data, acceleration as a function of 
constant response. (1 cps = 1 Hz.) 
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Figure 3.- Desirable limits for comfort in elevator operation. 
(1 ft = 0.3048 m.) 
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Figure 4.- Simple harmonic motion at 5.1 cm amplitude and 1 Hz. 
(1 in. = 2.54 cm; 1 f t  = 0.3048 m; 60 cpm = 1 Hz.) 

553 



FREQUE.NCY -cP5 I 
lo 100 I 

-01 

Figure 5.- Evolution of IS0 Standard vertical comfort 
criterion. (1 cps = 1 Hz.) 
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Figure 6.- Vibratory system used in Pradko-Lee tests. 
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Figure  7.- Comparison of v e r t i c a l  
v i b r a t i o n  cri teria.  Calculated 
po in t s  are f o r  cons tan t  absorbed 
power. (1 i n .  = 2.54 cm; 
1 cps = 1 Hz.) 
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Figure  8.- Re la t ive  l a t e ra l  and 
fore-and-aft  a c c e l e r a t i o n  com- 
pared t o  v e r t i c a l  a c c e l e r a t i o n  
f o r  equal  response (Pradko-Lee). 
(60 cpm = 1 Hz.) 
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Figure 9 . -  Miwa criteria compared to  Janeway and IS0 
(16 min exposure). 
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Figure 10.- Correlation of vertical comfort criteria: 
constant absorbed power and Janeway recommended 
(1948). (1 cps = 1 Hz.) 
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Figure 11.- Recommended horizontal comfort criterion. (1 cps = 1 Hz.) 
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Figure 12.- I S 0  compared to recommended comfort criteria. 
(1 cps = 1 Hz.) 
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EXPERIMENTAL OBSERVATIONS 
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Figure 13.- Vibration exposure time. 
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Figure 14.- Performance error as a function of vibration frequency 
and intensity for foot pressure, visual acuity, and compensatory 
tracking. (1 cps = 1 Hz.) 
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Figure 15.- Performance error as a function of vibration 
exposure duration. (1 in. = 2.54 cm; 1 cps = 1 Hz.) 
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Figure 16.- Relative vibration fatigue tolerance as a function of 
exposure t i m e ,  based on constant absorbed energy. 
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